Abstract Rapid population growth, urbanization, and concentration of valuable assets and strategic infrastructure in coastal regions make coastal inundation, flooding, and storm surge national problems for many countries, including the United States of America (USA). Enhancing coastal resilience is a complex problem and involves an integrated risk management approach, Mitig Adapt Strateg Glob Change (2019) entailing both structural protection as well as other risk reduction strategies (e.g., building codes and ecosystem preservation). The former is an increasingly recognized mitigation option for densely populated areas and industrial hubs. Fully justifying benefits of costly flood defense structures is crucial, particularly when lack of funding and other institutional barriers make such projects easy targets for omission from or cuts to a budget. Justification usually requires a comprehensive cost-benefit analysis. This paper explores the economic feasibility of a coastal barrier, i.e., coastal spine, as a potential storm surge mitigation strategy to protect the HoustonGalveston metropolitan area of Texas, one of the most flood-prone and economically important regions in the USA. We provide an assessment of residential and chemical manufacturing plant and refinery exposure to multiple synthetic hurricane storm surge events by comparing losses with and without a coastal spine. While under all scenarios, benefits exceed engineering costs of a spine, our results indicate that the project feasibility largely hinges on accounting for industrial losses and resultant indirect and induced effects. As many regions and industrial hubs globally are designing adaptation and mitigation strategies to combat the consequences of extreme events, structural solution to surge mitigation maybe one of the few mitigation options for them. Unlike population and residential structures that can retreat and insure, these options are not viable for industrial plants that are resource-based. However, expertise and knowledge pertinent to surge barrier systems are relatively scarce as there are only handful of barriers around the world and they are all unique in engineering designs. As storm surge is becoming a threat for many coastal urban centers, one of the recommendations is to consolidate knowledge base and research across countries in order to foster knowledge exchange internationally. This will help identify concerns associated with existing barrier systems, pragmatic ways to improve them and will also aid the investment decision, engineering designs, and operational aspects of barriers in other parts of the world. Furthermore, forming regional research collaborations with developing countries at risk of storm surge and the sea level rise is vital to further facilitate knowledge spillover and exchange of expertise.
1 Introduction preponderant scientific concerns that these destructive events will become more frequent and severe under future climate change (Allan and Soden 2008; Emanuel 2013; U.S. Climate Science Program 2008; Villarini and Vecchi 2013; Walsh et al. 2016; Grinsted et al. 2013) . When it comes to coastal inundation, policy makers and researchers discuss various strategies, among which three feasible options stand out: (a) build new or extend/raise existing hard structures or intervene with other geoengineering solutions (i.e., beach nourishment, dunes); (b) gradual retreat of population and businesses from vulnerable hotspots; and (c) keep building with acknowledged risk of flooding (e.g., elevate houses, purchase insurance) (Kousky 2014a; Pilkey and Young 2008) . Preferences for these strategies vary by location and, among other factors, depend on the level of hazard exposure and frequency, implementation, and maintenance costs as well as benefits. Structural solutions to coastal inundation (i.e., seawalls, levees, retractable flood gates, dams) still remain an appealing mitigation strategy in areas with high concentrations of population and critical infrastructure at risk, where benefits potentially outweigh sizeable costs associated with the construction (Anthoff et al. 2010) .
However, investment in defensive structures requires commitment of significant public resources to address the consequences of infrequent catastrophic disasters in the future. Diverting money from alternative uses with potentially higher returns on investment (Zerbe and Dively 1994) requires comprehensive assessment of project desirability in terms of its costs and benefits (Ganderton 2005) . Moreover, aspects related to cost-sharing are important for such investments because disaster protection serves some aspects of local public good (i.e., benefits are accrued locally) and if financed at a subsidized rate-because costs often are not entirely borne by local residents (e.g., in the USA they are commonly financed from federal or state appropriations)-may be oversupplied and create economic inefficiency. However, recent research has provided convincing arguments on how many traditional mitigation measures (e.g., beach nourishment) may no longer be considered as purely local because they provide more regional benefits (Smith et al. 2009; McNamara et al. 2011) . Structural protection in areas that represent a hub for important industrial assets and nationally acclaimed critical infrastructure certainly transcends local boundaries.
A related concern is then justifying investment with increasing federal budget deficits in the USA, where spending on disaster mitigation projects and programs commonly represent easy target for omission from, or cuts to, the budget (DElrossi and Inman 1999) . Also, disaster risk management has been predominantly reactive following an event and not surprisingly expansionary in the size of spending .
1 Hence, accurately enumerating benefits of disaster mitigation, commonly measured in terms of avoidance of economic damages and human impacts, is an important component of the cost-benefit analysis (CBA) and if performed well provides a defensible means for decision makers to evaluate and choose from competing mitigation projects.
Extant research offers a framework about how to assess risk exposure (de Moel et al. 2015; Razafindrabe et al. 2014 ) and effectively apply the CBA to choose from various adaptation and mitigation strategies proposed to combat consequences of disaster risk and changing climate in the future (Hallegatte et al. 2011; van der Pol et al., 2017; Anthoff et al. 2010; Mechler et al. 2010) . A typical modeling approach involves integrating place-based engineering loss estimation models (primarily focusing on residential property losses) with more aggregate regional Input-Output (I-O)-based economic models or more flexible classes of regional economic models such as Computable General Equilibrium (CGE) with the aim to explore disaster multipliers on interconnected sectors and institutions (Rose 2009a, b; Rose and Guha 2004; Rose and Liao 2005; Rose et al. 2007; Hallegatte 2008) . Economic multipliers through the destruction of residential property, however, represent only a small portion of disaster impacts. In areas with high concentrations of industrial activities and critical infrastructure, the cessation of production and operations and disruption of strategic assets could reverberate throughout not only the local or regional economy but may have significant economic and social implications nationwide (Kousky 2014b; Cavallo & Noy 2011; MacKenzie et al. 2012; Norio et al. 2011) . Estimating losses for industrial operations, however, have remained a critical gap in the literature partially because of the paucity of individual firm-level data for both the existing production capacities and assets at risk as well as a shortage of available data on losses following events. On the other hand, building losses generated by engineering models represent only a negligible proportion of losses large industrial firms sustain (U.S. Department of Energy 2009). Credibly guessing any mitigation mechanisms industries may have in place represents yet another challenge. Consequently, studies that focus on industrial sectors are seldom done (Kirgiz et al. 2009 ) and when done are typically based upon expert judgements which primarily assess their hazard risk exposure (Burleson et al. 2015) .
The objective of this paper is to fill in the existing gap in the research and develop a framework to comprehensively assess residential and industrial exposure to storm surge events and explore the economic feasibility of a structural flood mitigation strategy using the framework of the cost-benefit analysis. We focus on protection afforded by a coastal barrier, or coastal spine, and assess its feasibility in one of the most populous and industrialized regions along eastern Gulf of Mexico coast of the USA-the Houston-Galveston Area (HGA) of Texas. We combine storm surge inundation scenarios associated with various proxy storms that are generated by surge models, with an engineering loss estimation model for residential property losses, and output losses due to disruption or cessation of petrochemical manufacturing and refinery operations. This approach enables us to quantify economy-wide ripple effects of surge events with and without coastal protection using the regional Input-Output model. While the research is focused on the Houston-Galveston area, the general methodology, approach, and a number of the findings are applicable to other coastal areas where residents and industrial/ petrochemical infrastructure are threatened by storm-induced flooding.
Our results indicate that significant property and revenue losses are associated with storms having a wide range of likelihood, from relatively frequent, less-intense hurricanes to rare extremely powerful storms. Moreover, we find that indirect and induced impacts make up approximately 30-40% of total output losses. Importantly, our results suggest that the majority of all losses could be mitigated under all storm scenarios if the coastal spine is constructed. While resultant benefit-to-cost (B/C) ratios greater than 1.0 were estimated, indicating economic feasibility of the spine system for this particular location, we should note that ignoring industrial losses and associated multipliers would make the B/C ratio look less attractive to decision makers. Importantly, our study highlights that for industrial plants that are resourcebased and cannot easily retreat, structural solution maybe one of the few viable options to mitigate future surge impacts. However, failure to estimate losses at all margins would likely affect decisions for a multibillion dollar investment in structural mitigation, even if the structure is increasingly recognized as the only viable mitigation alternative. As storm surge is becoming a threat for many coastal urban centers and the knowledge and expertise pertinent to surge barriers are relatively scarce, it is recommended to consolidate knowledge base and research across countries in order to foster knowledge exchange internationally and develop a platform for future collaboration.
Study area
The study area, HGA, covers three counties, Galveston, Harris, and Chambers, and is located on the southeastern Texas coast in the USA, around Galveston and Trinity bays (please refer to Fig. 1 for the location). The HGA also includes Galveston Island, a barrier island in the Gulf of Mexico. One of the features of the Island is that, from the Gulf of Mexico side, the City of Galveston is protected by a 10-mile long seawall, a landmark engineering structure, built after the 1900 hurricane, the deadliest ever recorded hurricane in USA history (Pielke et al. 2008) .
The HGA covers about 2727 mile 2 of area and is home to approximately 4.42 million people, according to the 2010 US Census. Harris County alone, which encompasses Houston, accounts for 92.6% of the total population of the HGA. Houston is the third most populous city in the USA. The Houston Galveston Area Council projects the area to surpass 6.3 million people by 2040, corresponding to an estimated 54.6% growth relative to year 2010 (Houston Galveston Area Council 2017).
HGA is the major engine of economic and industrial activities not only for the state of Texas but for the entire USA as well. It represents the hub of some of the most valuable industrial assets, including the nation's largest refineries, petrochemical manufacturing facilities, and critical infrastructure such as the port of Houston (the largest port in the US imports and export tonnage). The port represents a strategic gateway for domestic and international cargo, with an estimated 200 million tons of cargo shipped annually (Port of Houston 2017).
In 2012 alone, the region generated over 341 billion of GDP, contributing a quarter of the entire Texas State economy, and employed more than 62% of the state's total population. The combined output value from the chemical manufacturing, mining, oil, and gas extraction sectors was estimated above 294 billion dollars in the same year (MIG 2012) .
Local geography and climate, combined with the rapid population and economic growth, make the HGA particularly vulnerable to coastal flooding and storm surge events. The upper Texas coast is one of the most surge-prone regions in the USA (SURGEDAT 2017) and on average experiences one major hurricane every 15 years (Parisi and Lund 2008) . Hurricane Harvey was the most recent storm that hit the southeast coast of Texas in August 2017 and its extraordinary rainfall caused immense flooding and damage. Before Harvey, the surge associated with Hurricane Ike in 2008 resulted in unprecedented social and economic impacts locally (FEMA 2008) . Both hurricanes were billion dollar events, having estimated damages exceeding 35.1 and 125 billion US dollars, respectively (NOAA National Center for Environmental Information 2017).
After Hurricane Ike, a policy debate about finding solutions to suppress and mitigate regional storm surge impacts emerged, and a coastal spine (a.k.a. Ike Dike) project was proposed as one of the major options (TAMUG 2017) . The spine would connect a series of seawalls and fortified dunes/levees along the coastline to retractable gates located at both the mouth of Galveston Bay and San Luis Pass (see Fig. 1 ). The proposed coastal spine would not only suppress the storm surge but is argued to considerably reduce uncertainty in hurricane surge forecasts for the area protected by the spine (Stoeten 2013) , ultimately reducing property losses, requiring fewer precautionary shutdowns, and resulting in less output losses for industrial plants. Interest in the spine was revived after Hurricane Harvey devastated the Texas coast in August 2017, and it was included as one of the action items in Texas State's Legislator's agenda to make Texas more resilient (Rebuild Texas 2017) .
While a coastal spine would not mitigate the effects of extreme rainfall like that which fell during Harvey, it is expected to provide considerable benefits in suppressing storm surge in areas behind it for significant surge-producing hurricanes like Hurricane Ike. Hurricane Harvey was a rain event for the Houston region and was considered a 500-year event based on precipitation amounts in certain grid cells across the affected region. Harvey produced a maximum water surface elevation of approximately 11 ft mean sea level (MSL) at Manchester, TX, which is situated on the upper Houston Ship Channel near the City of Houston, and a much lower maximum water level of 4 ft MSL was recorded in Galveston Bay, at Eagle Point in San Leon, TX. In contrast, water levels of approximately 13. and 11 ft MSL at the same two locations were measured during Hurricane Ike. The proxy storms considered in the current study produced maximum surges at the Manchester and San Leon sites of approximately 22 and 17 ft (500 years), 19 and 14 ft (100 years), and 12 and 9 ft (10 years), respectively (values reported relative to MSL). Note that the maximum water levels during Harvey were influenced much more by precipitation runoff than by coastal storm surge. Storm surge occurred much further down the coast just north of Corpus Christi where the storm first made landfall.
Model framework for impact analysis
Our framework integrates three primary models: the ADvanced CIRCulation (ADCIRC), the US Multi-hazard (Hazus-MH), and the regional Input-Output model based on the IMpact Analysis for PLANning (IMPLAN) system. In addition, we make assumptions related to plant shutdown durations and associated output losses. Below we provide brief descriptions of each model and the steps used to calibrate them.
ADCIRC model
ADCIRC (Westerink et al. 1992 , Hope et al. 2013 ) is a model that simulates the movement of water which, for this study, is storm surge forced by the effects of a hurricane (wind and atmospheric pressure gradients and surface wind waves). The ADCIRC model solves equations that govern conservation of water mass and water momentum, the underlying physics of general fluid motion. These equations are solved for a geographical area of interest, which can be comprised of both Bdry^land (e.g., Houston-Galveston Area) and open water regions (e.g., Galveston Bay, Trinity Bay, West Bay, Gulf of Mexico). There are two critical sets of input required for ADCIRC.
First, the entire area of interest must be represented by an extensive network of triangularshaped elements, called a grid mesh. The lengths of sides of individual triangles in the mesh (spatial resolution) vary, ranging from tens to thousands of meters. The mesh used for this research has several million triangles. The model requires the following to be specified at each corner (node) of every triangle that comprises the grid mesh: the topographic elevation of the dry land or the elevation of the sea bed, along with a measure of the local frictional resistance to water flow. This input characterizes the geometry and frictional resistance of the water bodies and terrain through and over which the storm surge can possibly move once it is forced.
An ADCIRC model simulation also requires that the forcing due to wind, atmospheric pressure, and waves be specified at each node of every triangle for the entire duration of the simulation. We used other computer models (e.g., TC96, WAM, STWAVE) to compute the forcing. The TC96 computer model (Thompson and Cardone 1996) was used to calculate hurricane wind and pressure forcing for the duration of the simulation; the WAM and STWAVE Bender et al. 2013 ) models were used to compute the surface wind wave forcing for the duration of the simulation. These models were coupled with the ADCIRC model in a system developed at the US Army Engineer Research and Development Center (see Cialone et al. 2017 ). Precipitation was not considered in the simulations. The current state of engineering practice does not yet treat the combined effects of rainfall and storm surge in coupled models, using a deterministic precipitation model that would be applicable for hypothetical hurricanes such as the proxy storms. This is an area of active research.
Using the grid mesh input and the forcing input, the ADCIRC software computes the variation of the water surface elevation and the depth-averaged water velocity, with time, at every single node of the grid mesh and for the entire duration of the simulation. Computed water surface elevations and velocities for the entire grid mesh represent model output, which is typically saved at time intervals of 30 to 60 min for the entire simulation duration. Model outputs are then post-processed to derive peak surge height maps, which were used in the analysis of damage/losses.
Hazus-MH
Hazus-MH is an engineering model developed by the Federal Emergency Management Agency (FEMA) of the USA for modeling impacts from flood, hurricanes, or earthquake hazards. The model generates estimates of economic losses to general building stock, lifelines, utilities debris, and the associated social impacts, as well as the resultant avoided loss from mitigation (Scawthorn et al. 2006a; Ding et al. 2008) . Hazus-MH default building inventory is based on Census block group level data containing extensive sets of information such as population demographics, structural characteristics of buildings (e.g., square footage), numbers, and locations of critical infrastructure (e.g., bridges, hospitals, utility lifelines, schools, etc.). The Comprehensive Data Management System (CDMS) permits users to update and manage default datasets utilized in Hazus-MH analyses with more detailed and accurate data specific to a location of interest. Updating property information has been shown to markedly improve inventory building counts and loss estimates for both residential and commercial buildings and provide more realistic loss estimates and avoidance of overestimation of losses from flood events (Ding et al. 2008; Kousky and Walls 2014; Scawthorn et al. 2006b; Tate et al. 2014) . The Hazus-MH flood model allows three levels of analysis. Level 1 is the simplest type of analysis based mostly on default data and generates crude measures of losses, which are primarily intended for exploratory research and help set the foundation for more detailed study. Level 2 is more advanced level of analysis, which allows the user to supply more detailed inventory of structures and other data along with parameter inputs from published reports. At this stage of analysis, the Hazus-MH applies a standardized methodology to usersupplied data. Finally, level 3 requires information both about flood hazard and various indicators of exposure. Beyond data requirements, the level 3 analyses also involve engineering and economic expertise to identify appropriate damage/loss functions (FEMA 2006 (FEMA , 2017 . In this study, we employ a combination of level 2 and 3 methods of analysis, which is described in the model calibration Section 4.
IMPLAN
IMPLAN is a regional I-O model and represents one of the most widely used tools for economic impact analysis in the USA (MIG 2012). It produces input-output accounts and allows modeling of economic impacts at a regional scale that can be as small as a single county. The I-O models depict economy by quantifying mathematically the interactions and money flows between economic sectors and between economic sectors and final consumers (Haimes and Jiang 2001; Bockarjova et al. 2004; Cochrane 2004; Okuyama 2004) . I-O analysis is a powerful tool to trace changes in one or more sectors and examine how these changes propagate through local or regional economies. Three main components describe economic relationships among economic sectors and agents in I-O models: (1) a matrix of inter-industry monetary flow, showing sales between industries for intermediate use of goods and services (i.e., value of inputs of production); (2) a vector of final demand which represents final sales to end-users (i.e., household consumption, investment, government, and export); and (3) a vector of value-added corresponding to payments to inputs of production (i.e., labor wages and profits to firms) and imports.
The IMPLAN relies on national-level accounts for industry-specific technologies, goods, and services produced, as well as the inputs of production used by each industry. The assumption is that national accounting is applicable to a smaller regional scale. The IMPLAN sectoring scheme is based on the North American Industrial Classification System (NAICS).
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At the local level, IMPLAN in addition defines trade flows between local regions and the rest of the world. As such, the IMPLAN is a data-intensive modeling system and its data sources come from the US Bureau of Labor Statistics (Employment and Wages), the US Bureau of Economic Analysis Regional Economic Information System, and the US Census Bureau.
In the IMPLAN impacts are estimated in terms of gross output (value of total production), personal income, and employment. The model generates three types of impacts: direct and two second-order impacts referred to as indirect and induced effects. Direct impact measures the impact to a sector(s) experiencing the changes in the demand due to an exogenous shock or a policy change. Indirect impacts trace the motion of direct effects on industries that are interconnected via supply chain to directly affected sector(s). Lastly, induced effects capture the effects through the changes in local spending of employees' wages and salaries of both directly and indirectly affected industries. The sum of all three effects is called the total economic impact of a change in the local/regional economy. Figure 2 depicts the overall modeling framework with arrows indicating how results from one model feed into another to generate overall economic losses.
Scenarios and model calibration 4.1 Storm surge scenarios
Storm surge for three proxy storms was simulated with ADCIRC and the other models which provide input to ADCIRC. Simulations were conducted both with and without coastal spine conditions. The proxy storms represent a wide range of likelihood in terms of coastal inundation; and they were defined using the following process. First, we used the peak surge maps (the Bmaxele^output data files) which were computed using ADCIRC for all hurricanes that were simulated in the course of the original FEMA Region VI RiskMAP study.
3 Peak surges correspond to surge heights relative to the NAVD88 vertical datum. Second, using these output data files (comprised of peak surge values at each node of the grid mesh), staff from the US Army Engineer Research and Development Center (ERDC) re-computed surge heights for various annual exceedance probabilities at a set of locations in the HGA which we defined. We have adopted a 90% confidence limit (CL) for surge heights corresponding to each of the exceedance probabilities. Third, we found that spatial patterns of the 90% CL surge heights corresponding to the 100-and 500-year exceedance probabilities in Galveston Bay closely resembled the spatial pattern of the peak surge height for many of the individual storms that produced the highest peak surges in the Bay. Fourth, we found that there was a single hypothetical hurricane from the storm set considered in the RiskMAP study that produced peak surge heights that were quite similar to the 100-year surge heights all along the western shoreline of Galveston Bay. Consequently, we adopted this storm as our 100-year proxy storm. Last, we identified 500-and 10-year proxy storms in the same way.
Peak surge height data for each of the three proxy storms are comprised of maximum water surface elevation values for every node in the ADCIRC grid mesh and the associated latitude and longitude for each node. These Maximum Water Surface Elevations (MWSE) were subsequently interpolated into a continuous water surface raster. As a final step, using GIS, the flood depths were computed by combining the MWSE raster with a 3-m LIDAR digital elevation model. The resulting flood depth grid was inputted into the Hazus-MH model to Fig. 2 Modeling framework. Source: Authors. Notes: As a starting node, the MWSEs generated by the ADCIRC model serve as input in the Hazus-MH model. The latter is employed to estimate residential property losses. Inundation maps are used to identity petrochemical and refinery plants' exposure using their exact location coordinates. Output losses for each exposed plant are then estimated using zip code level US Census of Manufacturers' and plant shutdown duration data. As the last node, residential property and output losses serve as inputs in corresponding sectors in the IMPLAN regional economic model to generate indirect and induced impacts on other interconnected sectors for the region further estimate impact on the general building stock. Table 1 reports the characteristics of these proxy storms including landfall area, central pressure (CP), forward speed, and maximum sustained wind speeds at the radius-to-maximum winds (Rmax).
Calibrating the Hazus-MH model
Our direct loss estimation in Hazus-MH consists of three major methodological steps: (1) computing inundation depth from ADCIRC into Hazus (as highlighted in the proceeding subsection); (2) estimating foundation height and building parameters; and (3) estimating replacement costs from storm surge inundation to building stock. We started by populating the Hazus-MH model with topographic information and storm surge elevations, which subsequently determined flood inundation. The latter was overlaid on the physical building characteristics and applied relevant depth-damage curves from the US Army Corps of Engineers (USACE) Galveston district and the Federal Insurance Administration (FIA) to estimate the direct loss to property.
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Identifying the elevation of residential structures is a critical component of direct economic loss from flood inundation (Scawthorn et al. 2006b; FEMA 2006) . To update foundation type and slab elevations, we collected parcel-level residential data from the Galveston, Harris, and Chambers County appraisal districts. These datasets comprise the location of parcels and the associated characteristics of the buildings on those parcels, while we updated foundation heights of those buildings through additional analysis in relation to FEMA's floodplain maps. We determined foundation heights using foundation type, improvement year, and base flood elevation (BFE). For areas with complete information and for properties constructed after the adoption of the Flood Insurance Rate Map (post-FIRM)
5 by a community, we calculated foundation height as the difference between the BFE and ground elevation for each residential parcel. For structures outside the flood zones, where foundation type was not specified, we assumed slab on grade foundation heights.
For areas with incomplete data, we calculated the median foundation height for the known pier, pile, and crawlspace foundation across different flood zones and applied those values to structures using the Hazus-MH foundation type distribution. We subsequently replaced default foundation height values for post-FIRM structures with the calculated median values and assumed Hazus default foundation height for pre-FIRM structures. To model direct damages to structures and contents, we extracted parcel-level information, such as building improvement year, amounts spent on improvement, building materials, structural cost, and square footage. We represented the building location geographically by placing them on the parcel centroid based on unique property identification (IDs). This information was used to update the existing Hazus-MH default inventory for all occupancy types using the Hazus-MH CDMS tool. The predominant land use codes from the parcel data were connected to the corresponding Texas land use codes to aggregate them into occupancy class types to help inform a spatial damage curve for the appropriate occupancy type (see Online Resource Table A.1). This was done for software compatibility purposes and to enable property and land use classification for proper definition of the IMPLAN sectoring scheme. Updated general building stock showed that the dollar exposure for a majority of the occupancy classes (i.e., single family residential, commercial, and retail) was significantly underestimated and the land use category, such as mobile homes, was overestimated relative to Hazus-MH default data. In Table 2 , we show amounts of building exposure in US dollars where inundation is expected to occur, without and with the coastal spine (a.k.a. Bprotected^) scenarios. As suggested by these results, the coastal spine leads to a reduction in the extent of inundation for a specific storm, subsequently reducing the number and value of buildings exposed to storm surge inundation.
Petroleum refineries and petro/chemical manufacturing

Data and assumptions
Petrochemical refinery and manufacturing plant-level data were assembled from several sources including Chemplants 7 and the 2012 Census of Manufacturers. The information provided in the Chemplants database included NAICS classification for each plant, physical street addresses, and employment. These addresses were geocoded in ArcGIS to obtain geographic coordinates for each plant and identify relevant zip codes. The Census of Manufacturers 2012 data were used to obtain information about the total number of establishments (EST), number of employees (EMP), annual payrolls, total cost of materials, total value of shipment and receipts for services, value-added (VA), total capital expenditure, and total output (OUT) for NAICS (two to six digits) industry at a zip code level. For every zip code and relevant NAICS industries, two different types of averages were calculated for each economic indicator: (a) establishment averages (e.g., average establishment output, calculated as Several considerations and assumptions were made when estimating storm surge impacts for each plant and relevant NAICS industries. Individual firm-level data on historic losses and assets at risk of inundation associated with storm surge or other environmental hazards are non-existent. Moreover, it remains challenging to credibly guess any mitigation mechanisms industries may have in place. For large-scale manufacturing operations, property losses sustained because of storm surge, common loss estimates generated by relevant residency class types in Hazus-MH, may be negligible. 8 However, there may be sizeable losses associated with plant shutdowns due to electrical equipment and control room (including Systems and Operating) failure (Hydrocarbon Publishing Company 2016) or simply power outages (US Department of Energy 2013). The US Department of Energy estimates that these two causes have constituted over 80% of electric problems in US refineries during 2009-2013, of which 14% were caused by inclement weather incidents (i.e., hurricanes, winds, thunderstorms).
Specific to a storm surge incident, extant literature does not suggest any established relationship between inundation depth and shutdown duration. To create plausible shutdown scenarios, we used the US Department of Energy (2009) reported plant-level shutdown as well as restarting days and the number of days during which refineries were operated at partial capacity in response to 2005 and 2008 hurricanes, respectively. 9 8 For instance, Phillips 66's Bayway, New Jersey after super storm sandy reported economic losses approximately 706 million, of which $56 million (7.9%) was the cost of damaged equipment (capital loss) and the remaining 650 million was the output loss associated with 24-day shutdown due to power outage (Hydrocarbon Publishing Company 2016 It was reasonable to assume that plants which contribute to relevant exposure to a storm surge event should include all plants that would be inundated at any positive flood depth. This allowed us to account for (i) plants that closed for precautionary purposes, (i) plants that would be down because of system failure, and (ii) plants that would temporarily cease operation because of power supply interruption/outage.
11 As an illustration, in Figs. 3 and 4, we depict plant exposure for the 500-year proxy storm without and with coastal protection along with their respective inundation levels. Appendix Figs. 2-5 depict plant exposure for the 100-and 10-year storms without and with a spine protection.
Calibrating IMPLAN model
The IMPLAN model was calibrated for the HGA using the year 2012 prices to match building inventory of the Hazus-MH model updated for the same year. For the ease of exposition, IMPLAN finer-scale industries were aggregated into 36 broader and strategic sectors (similar to what was done in Wei and Chatterjee (2013) , which are listed in Online Resource Table A.3. Table 3 summarizes losses to general building stocks, including residential (both the structure and content losses), commercial, industrial, and other occupancy class types for all three proxy storms with and without coastal protection. It also reports losses to critical lifelines, such as schools, wastewater facilities, and vehicles. The 500-year storm is the most-damaging storm with an estimated damage of over $8 billion to residential property and a total of over $19 billion to all buildings. However, with coastal protection, residential loss is reduced to just over $2 billion, a 70% reduction for the 500-year event, leading to an avoided loss of over $5 billion for residential structures and a total savings of about $12 billion for all occupancy categories. Significant loss reductions are also noticed for the 100-year storm. Over $10 billion in property loss to all occupancy classes is estimated for existing conditions; however, with protection, this loss is reduced by over 56%, avoiding almost $6 billion to property damages. Although the 10-year proxy storm surge levels on the open coast are relatively small, results indicate more than a 75% reduction in property damages with a coastal spine in place. Spatial distribution of 10 The sample average number 26 days came very close to the number of shutdown days due to power outage reported for Phillips 66's Bayway, one of the largest refineries in New Jersey, during and after super storm sandy. These shutdown durations were also close to reported 2-week shutdown periods for refineries after hurricane Katrina in Louisiana. Kirgiz et al. (2009) documented that of the 46 extensively damaged oil production platforms and 100 significantly affected pipelines, many returned to full operation in 2 weeks. However, approximately 50% could not fully operate until Hurricane Rita forced additional shut down over a month time window. 11 Control/system rooms maybe elevated in some plants as part of their mitigation and hazard contingency plans. Under this scenario, plants will likely do not sustain damages but may still be down if there is mandatory evacuation of workers, shutdown happens for precautionary purposes or due to power outage. avoided residential building losses associated with the coastal spine for all storm surge scenarios are depicted in Online Resource Figs. A.6-A.8.
Results
Hazus-MH: losses to residential property
Output losses: petroleum refineries and petrochemical manufacturing
To calculate output (revenue or sales) losses for each plant associated with each scenario, we calculated an average daily value of annual output and multiplied these averages by the total number of shutdown/restarting days. We then aggregated individual plant-level sales up to NAICS industry for each county to match industry codes in IMPLAN. Table 4 (panels A through C) estimates lost revenues for each NAICS industry with and without coastal protection for each modeled storm. It is expected that storms of different intensities will interrupt industry operations differently. For example, it would be reasonable to assume the longest interruption occurs as a consequence of the 500-year proxy storm and the shortest interruption occurs for the 10-year proxy storm, the weakest storm considered in this research.
Not surprisingly, our results indicate that the largest losses are generated for the 500-year proxy storm scenario, which depending on the stoppage time could amount to 4 to 9 billion dollars in annual output losses. Impacts of the 100-year storm are approximately four times smaller than those of the 500-year storm. In terms of impacts across sectors, petrochemical refineries are the least impacted and do not suffer any losses under the 100-and 10-year storm surge scenarios. As shown by estimated losses, a coastal spine could result in a substantial loss Fig. 4 Petrochemical exposure for 500-year storm surge scenario (with protection). Source: Chemplant; Authors. Notes: Only one petrochemical complex was inundated by up to 4 ft during the 500-year proxy storm surge event in all three counties The general reduction in inundation over the entire study area led to a reduction in inundation for majority of the petrochemical complexes in the study area reduction across all sectors and storm scenarios. Approximately 95% of losses generated by the 100-year proxy storm surge can be mitigated, 97% of losses incurred because of the 500-year storm surge scenario, and 100% losses can be avoided for 10-year proxy storm surge case. In addition to each of the three different storm surge scenarios, we also considered scenarios in which total number of shutdown days were extended by the average number of partial operation days-approximately 12-based on the US Department of Energy (2009). We assumed partial capacity to be operational at 50% of full capacity. The complete set of results are reported in Online Resource Tables A.4 and A.5.
IMPLAN results: indirect and induced impacts
We use residential property (building) loss estimates from Hazus-MH as well as output losses for petroleum refinery and petrochemical manufacturing sectors as presented in previous section to examine how these direct impacts would propagate across interconnected sectors. We matched Hazus-MH residency occupancy types to relevant IMPLAN sectors 12 and associated reduced outputs (sales) for direct property and output losses sustained for each storm intensity. Table 5 reports output losses corresponding to the 500-, 100-, and 10-year proxy storms without and with barrier protection. Online Resource Tables A.6 and A.7 report a complete set of results associated with additional shutdown scenarios. Similar tables for income, employment, and value-added impacts are reported in Online Resource Tables A.8-A.13. Indirect and induced impacts are estimated at approximately 33-39% of total output losses. The Economic Amplifier Ratio (EAR) (i.e., the ratio of total economic losses and direct losses) for gross output is approximately 1.41-1.65 depending on storm scenario, implying that indirect losses represent 41-65% of direct losses. This estimate is very close to the EAR calculated for Hurricane Katrina (Hallegatte 2008) . We see significant benefits in terms of loss avoidance attributed to coastal protection. On average, 86-91% of total output losses (in residential building, petroleum refinery, petro/chemical manufacturing, and other interconnected sectors) induced by storm surge can be avoided under the 500-year storm scenario, 79-84% for the 100-year storm, and 100% of all losses could be mitigated under a 10-year storm surge scenario.
Expected annualized losses and benefit-cost ratio
To convert estimated losses from different storm events to expected damages accounting for storm return probabilities, we adopted an approach discussed in Kousky et al. (2013) and defined Average Annualized Losses (AALs) as the weighted sum of damages from individual storm events, in which weights corresponded to individual storm probabilities. Storm probabilities are identified by their return periods. For instance, a 500-year storm represents a 1-in-500 storm, with approximately 0.2% chance of occurrence in a given Numbers in parenthesis at column headings correspond to number of shutdown/restarting days with and without coastal spine year. Similarly, 100-and 10-year storms are associated with a 1 and 10% chance of occurrence in any given year, respectively. It was further assumed that losses are constant in intervals between return periods. For instance, between 10-and 100-year, the damages were calculated as the average of the two damages at each of the end point, and the probability was defined as the difference in 10-and 100-year return probabilities, respectively. AAL was then calculated as the total sum of these averages across bins. In Table 6 , AALs and annualized average benefits (AABs) realized in terms of avoided economic losses because of coastal spine protection are reported without and with protection scenarios, along with the benefit-to-cost ratios for three different cost estimates (i.e., low, medium, and high). AAL calculation involves (i) total output losses reported in Table 5 , which include both direct (residential occupancy class and petroleum refinery, petrochemical manufacturing sectors) and indirect and induced losses; (ii) building, content, and inventory losses estimated for commercial and industrial sectors (from Table 3 ); and (iii) utility lifeline and vehicle losses, also reported in Table 3 .
We compare these annualized benefits to annualized costs of a coastal spine system with a 17-ft high land barrier and 22 ft high gate system at the mouth of Galveston Bay. Based on Jonkman et al. (2015) , the average cost is estimated at approximately 8.03 billion dollars with a 40% margin, with the lower bound corresponding to 4.65 billion and upper bound to 11.42 billion dollars. These costs are one-time construction costs and the lifetime of the coastal system is suggested for 100 years. At a 5% discount rate, these estimates translate into 234 million, 404.6 and 575.1 million dollars annually for low, medium, and upper bounds of estimated engineering costs, respectively. Under all construction cost scenarios, we found annualized costs were lower than the annualized average benefits realized in terms of economic damage avoidance, thereby resulting in benefit-to-cost ratios higher than one and indicating economic feasibility of coastal spine protection for HGA. For a complete set of scenarios, refer to Online Resource Tables A.14 and A.15.
Using a 50-year economic lifetime, a typical time span used by the US Army Corps of Engineers for most of federally constructed structural projects, annualized construction costs corresponding to low, medium, and high costs scenarios become 254.44, 439.86, and 625 .28 million dollars, respectively. Benefit-to-cost ratios corresponding to these annualized costs are reported in Online Resource Table A.16 and remain higher than one, except for the high cost scenario when plants shutdown for only 18 days. We would also 
Discussion
There is a scientific consensus that climate change will result in increases to both the frequency and intensity of extreme weather events including floods, hurricanes, and surge events (Allan and Soden 2008; Emanuel, 2013; Knutson et al. 2013; IPCC 2012; Grinsted et al. 2013; Walsh et al. 2016) . Such changes will not only magnify the impacts locally but also will strain both local and national resources. A recent report published by the US National Oceanic and Atmospheric Association (NOAA) shows an alarming rising trend in high tide flooding events in response to both tidal forcing (i.e., during spring tides) and episodic nontidal effects (e.g., storm surges) across coastlines of the USA The study indicates particularly worrisome increases in frequency on the Eastern Atlantic coast and the Gulf of Mexico region. The projections are that under the current relative seal level (RSL) conditions, flooding at high tide will become increasingly chronic over the next several decades and will rise rapidly towards the end of the century (Sweet et al. 2018) . By 2100, some coastal areas will experience flooding on as many as 195-365 days a year; the projections for the Eastern Gulf of Mexico coast range from 200 to 365 days/year (80-100% from tides). Flood exposure and risk are also expected to increase from rapid population growth and development in vulnerable areas (Brody et al. 2008) . The forecasted increase in developed land in the three counties surrounding Galveston Bay corresponds to an estimated 148% increase in the number of residential structures. This change would increase inundation exposure by 125% from 2015 to 2080 for a 100-year event and 143% for a 500-year event (Highfield et al. 2017) .
As the flooding impacts become more prominent, proactive solutions to coastal inundation such as coastal protection will be considered more widely by many coastal cities and regions that represent main industrial hubs and population centers, like the HGA. In fact, the coastal spine system proposed for the HGA after hurricane Ike in 2008 has received a revived attention from the policy makers, researchers, and practitioners after the recent Hurricane Harvey devastated the region again in August 2017. Hence, understanding and articulating the benefits of this mitigation strategy are critical for informing the decision making.
In this paper, we provided a framework on how various modeling tools can be integrated to comprehensively assess risk exposure to residential properties, petroleum refineries, and chemical manufacturing sectors across multiple storm intensities. Our results suggested significant benefits in terms of economic loss avoidance associated with a coastal spine system. Approximately 86-91% of total output losses can be avoided under the 500-year storm scenario, 79-84% for the 100-year storm scenario, and 100% of all losses could be mitigated under 10-year storm surge scenarios. Estimated benefit-cost ratios were above 1 under all engineering cost scenarios, indicating economic feasibility of structural protection. While HGA has significant value of residential structures at risk, our results also indicated that ignoring industry-level losses and resultant indirect/induced impacts would have made the proposed multibillion dollar investment in the spine system not feasible on the grounds of benefit-cost calculations.
While it was beyond the scope of this study, future research should incorporate potentially toxic substances and hazardous waste that could be released by petrochemical plants and refineries in a flood event. Catastrophes often prompt other types of incidents (e.g., technological) in an industrial corridor such as HGA because tanks fail or spillage of hazardous waste and toxic contaminants occur (Krausmann and Cruz 2013; Burleson et al. 2015) . During hurricane Harvey, approximately 100 spills of hazardous substances were reported and at least 14 toxic waste sites were flooded, posing significant health hazard and concerns related to waterborne contamination (Griggs et al. 2017) . The possibility to avoid cascading effects of natural and technological events will likely re-affirm the benefits of flood defense structure not only in the HGA but in other industrialized regions across the world.
There are several research limitations and caveats that should be noted when interpreting the results of our study. First, employing the I-O model to estimate indirect and induced impacts for various proxy storm scenarios likely resulted in overestimation of benefits because the fixed inter-industry dependency in I-O models does not allow substitution across sectors (Haimes and Jiang 2001; Bockarjova et al. 2004; Cochrane 2004; Okuyama 2004) . Adjusted I-O models (Rose 2004; Rose et al. 2011; Hallegatte 2008; Rose and Wei 2013; Rose and Blomberg 2010; Rose et al. 2009 ) and more flexible CGE models (Sue Wing et al. 2016 ) that allow adaptations and accommodate substitution across industries via price mechanism have shown to markedly reduce estimated disaster effects.
On the other hand, there were other unaccounted factors in benefit calculations that likely resulted in underestimation of the estimated effects. For example, throughout we assumed the coastal development and economic activities in HGA would remain at the same level over the next 100 years. Arguably, this is highly unrealistic assumption given estimated growth projections and growth potential of the region, both in terms of population and housing as well as employment (Houston Galveston Area Council 2017). However, it is also possible that development will slow as the risk of surge increases (Anthoff, Nicholls and Tol 2010) . Given the calculations as they stand, any positive growth makes the outcome better in the sense of an improved cost-benefit ratio and would not change broad conclusions of the paper. Incorporating future land use patterns and development projections is important to comprehensively assess the feasibility of the proposed coastal spine system and represents the future extension of this paper, along with the development of the more flexible CGE model.
Second, in addition to property and business interruption losses, disasters affect human lives and may have other significant health implications including physical injuries, depression, and mental health (Haines et al. 2006; Goetz et al. 2015) . Disasters also induce massive displacement and dislocation of population at least in the short-term (Davlasheridze and Fan 2017) . Furthermore, disasters generate huge social costs given increasing federal costs associated with community recovery, rebuilding, and individual needs assistance programs in the aftermath. Social cost savings are another important benefit that was not accounted for in the benefit calculations, likely resulting in underestimation of coastal protection benefits.
Third, our analysis is based on the current sea level. To comprehensively assess hazard exposure, future research should incorporate surge events based on projected sea level rise (SLR). It is important because not only would the SLR change the inundation map for the study area, but it may also affect the design of the structure and make the construction more expensive (Hallegatte 2008) . Assuming a constant level of protection from surge over time means that future investments should be made periodically to maintain and upgrade the level of protection as the SLR becomes a threat.
Finally, the current study only estimates storm surge impacts on a regional economy. These effects will likely have broader implications not only for the entire state of Texas but the entire nation as well, given the economic importance of the critical infrastructure the HGA houses. Understanding spillover effects of storm surge will be another interesting dimension for future research and will involve development of national-level economic model.
Recommendations
Our results speak to two main priorities set forth by the recent Sendai and its predecessor Hyogo frameworks for disaster risk reduction (UNISDR 2006 (UNISDR , 2015 . They relate to assessing risk exposure to better inform disaster management and enhancing investment in risk reduction. Estimating sector-specific losses via shutdown durations proposed in this study provides initial guidance on to how to approximate industry output losses when firm-level damage data and assets at risk are not readily available. Our research also sheds light on the importance of flood defense structures for industrial hubs. Unlike population and residential structures that can easily retreat or adapt otherwise (e.g., insure), industrial plants that are resource-based cannot relocate and would require structural protection to mitigate impacts of future surge events. However, investment in expensive structures requires comprehensive assessment of plant-level risk exposure and benefits associated with protection. Because industry-specific losses represent a big component in benefit calculations, the failure to accurately quantify avoided damages may affect the investment decision in coastal protection even if the protection is increasingly recognized as the only mitigation solution for industrial hubs.
As the threats of storm surge and the sea level rise are expected to become more pronounced with the climate change, many coastal countries will start to explore surge barrier protection options. However, barriers are unique to a given location and require specialized knowledge and expertise which are relatively scarce. For example, unlike other hydraulic structures (i.e., dams and dikes) that have design guidelines, there is no consistent design guidelines published for storm surge barriers (Mooyaart et al. 2014) .
In fact, there are only 15 functioning surge barriers around the world to draw the experience and knowledge from. Among the existing ones are the number of surge barriers as part of the Delta Works in the Netherland, Oosterscheldekering being the largest in the world, Thames Barrier in London, UK, Venice barrier in Venice, Italy, St. Petersburg flood protection barrier in Russia, Eider barrage in Germany, New Orleans barriers in New Orleans, and New Bedford Harbor Hurricane barrier in the city of New Bedford, MA, USA (Mooyaart et al. 2014) . It is therefore extremely important to consolidate knowledge base and research across countries in order to foster knowledge exchange internationally. This will help identify concerns associated with existing barrier systems, feasible ways to improve or change them, and will also aid the investment decision, engineering designs, and operational aspects of barriers in other parts of the world.
Our research provides the framework that can be adopted by many coastal areas considering storm suppression systems including the New York City where the storm surge barrier has been proposed after superstorm Sandy (Dircke et al. 2013 ; Mississippi, USA (van Ledden et al. 2012) ; Hi Chi Minh City, Vietnam; Manila, Philippines; and Tokyo, Japan (Ruiz Fuentes, 2014) . While the developed economies are upfront on exploring the feasibility of expensive surge defense structures, forming the collaborative regional research teams will also create opportunities for developing countries to be engaged in the research process and explore surge barrier protection possibilities to combat the threat of sea level rise and surge impacts in the future.
